We report the investigation of a single quantum dot charge storage device. The device allows selective optical charging of a single dot with electrons, storage of these charges over timescales much longer than microseconds. Reliable readout of the charge occupancy is realized by time gated photoluminescence technique. This device enables us to investigate the tunneling escape of electrons at high electric fields up to several microseconds and, therefore, demonstrates that with more elaborate pulse sequences such structures can be used to investigate charge and spin dynamics in single quantum dots.
In the context of quantum information processing great progress has been made in the control and investigation of the charge and spin states of single quantum dots in the recent years. In particular the use of quantum point contacts has dramatically enhanced the level of sophistication of experiments on electrostatically defined quantum dots. [1] Such measurements have revealed the orbital shell structure [2] and allowed measurements of single electron spin relaxation and coherence times. [3, 4] For self assembled quantum dots such sensitive charge detection techniques are not yet readily available and other techniques have been employed to probe the charge and spin states. Approaches based on spin to photon polarization conversion have demonstrated spin lifetime measurements in ensembles [5, 6] , however, all optical spin readout on single self assembled QDs is extremely challenging. More recently, sensitive techniques based on direct absorption [7, 8] or time resolved Faraday [9] and Kerr [10] rotation have been applied to test the spin of an isolated electron. These techniques allow to deduce properties of spin dynamics like relaxation or dephasing in QDs, but do not include a storage phase, where reliable spin manipulation can be performed over timescales bigger than a few nanoseconds.
In this letter we present an optical method to control and probe the charge state of a single self assembled quantum dot. We charge the dot with a single electron via quasi-resonant optical excitation in its p-shell, offering a better control over the charge state than the previous experiments performed with excitation in the wetting layer [11] .
Furthermore, compared to reference [11] , the readout fidelity is increased by switching to quasi-resonant optical excitation, which allows us to directly measure the tunneling escape time of the electron on a timescale of microseconds. This kind of reliable optical charge detection should make optical investigations of spin dynamics over extremely long timescales extending into the microsecond regime [11] .
In order to perform optical charging experiments on a single self assembled QD precise control of the local electric field is necessary. This can be achieved by embedding the dot in the intrinsic region of a Schottky photodiode structure formed by a heavily n-doped back contact and a 5 nm thick, semi transparent Ti top contact. The intrinsic region has a total thickness of 140 nm with a single layer of self assembled InGaAs QDs positioned 40 nm above the n-doped layer. This sample structure leads to a static electric field of 70 kV/cm, per volt applied in the intrinsic region of the Schottky diode and a flat band condition (|F|=0 kV/cm) at an applied voltage of V app =0.9 V. An opaque Au shadow mask is evaporated onto the sample surface to allow the optical selection of single dots through 1 µm diameter shadow mask apertures defined using polybeads spin coated onto the sample surface before metallization. By controlling the voltage V app applied to the Schottky gate, the tunneling escape time of electrons and holes from the QD can be continuously tuned. To ensure that the tunneling time for holes (τ h ) is much faster than for electrons (τ e ) and, thus, enable optical charging, an asymmetric Al 0.3 Ga 0.7 As barrier with a width of 20 nm was grown below the QD layer. The schematic band profile of the device investigated when subject to different bias regimes is shown in figure 1a -1d.
We begin by introducing the pulse sequence used for our charge storage experiments. (fig 1d) . Each measurement cycle begins with a 300 ns duration reset pulse ( fig. 1a) , for which the applied electric field (|F|=170 kV/cm [11] ) across the QD is chosen such that the electron tunneling time is much faster than 300 ns. This step ensures that the quantum dot is initially uncharged and no cumulative charging effects can take place over several cycles of the experiment. In the next step, shown in fig. 1b , the QD is optically charged. To do this, we illuminate for 300 ns with laser light that is energetically tuned to a discrete p-shell absorption transition. An electric field is applied, such that the hole tunnels towards the Schottky contact faster than the radiative lifetime of the exciton, while the electron stays trapped in the dot due to the presence of the AlGaAs barrier. This charge quickly relaxes to the s-shell. After generation the charge is stored in the dot for a time ∆t that can be extended over several microseconds. The electric field can be freely modified during that time to test the influence on the stored charge.
Finally, the charge state of the dot is tested by time gated photo luminescence (fig 1d) .
For this, the relative strength of the uncharged (X 0 ) singly (X −1 ) and doubly charged (X −2 ) exciton emission indicates the average charge occupation of n e = 0, 1 and 2 electrons respectively. It has been shown that such a charge readout can be performed with high fidelity, for applied electric fields below 7 kV/cm and low optical powers below 10 W/cm 2 . [11] The measurements presented in the following were performed using a cryo-microscope in a helium bath cryostat at a temperature of 8 K. The signal was detected using a 0.55 m single spectrometer and a LN 2 cooled Si charge coupled device multichannel detector (CCD). We used two separate tunable external cavity Littman-Metcalf diode lasers as excitation sources during the charging and charge detection phases of the measurement.
These were gated with acousto-optical modulators to phase lock the illumination and readout pulses to the voltage sequence applied to the Schottky gate. The application of bias voltages to the sample and synchronization with the laser pulses was achieved by a set of arbitrary waveform generators (Agilent AWG33250A).
An aperture that showed only emission from a single QD was selected by carefully performing power dependent measurements on a number of apertures and choosing one that exhibited characteristic exciton and multiexciton emission.
We continue by discussing the readout phase of our experiment that is of vital importance for high fidelity non-perturbative readout that does not change the charge state of the dot whilst generating luminescence. For this, the rates for optical charging and charge loss due to electron tunneling escape from the dot or single hole capture into the dot must be suppressed. Reliable charge readout up to 100 µs has been demonstrated in earlier work [11] , where time gated PL measurements were performed using non-resonant excitation into the wetting layer. For this, the electric field across the dot was set to be close to flat band and low excitation powers of P read =1 W/cm 2 where used. The fidelity of such measurements can be significantly improved, by pumping into a discrete p-shell absorption line instead of the wetting layer. This arises, since here geminative carrier capture is strongly enhanced, which suppresses charging due to single electron capture and charge loss by recombination with captured single holes during the readout phase of the measurement.
Time resolved measurements with p-shell excitation similar to those presented in [11] were performed and showed a reduction of the charging and loss rates by approximately a factor of 10 compared to the case of wetting layer excitation.
To find a suitable p-shell absorption line we performed PLE-type measurements to divide the readout step into two parts. The readout voltage V read is first set to tune the absorption line into resonance at F read =23 kV/cm, which leads to X − emission if the dot is charged with a single electron, followed by equal amount of time tuned at F read =18 kV/cm leading to X 0 emission, only if the dot is uncharged.
In the previous section it has been shown that reliable charge readout is possible and we will continue by discussing the optical charging (fig 1b) of the QD. Two conditions have to be fulfilled for efficient optical charging in the p-shell: firstly the applied electric field F charge is chosen such that tunneling escape of the hole is much faster than the radiative lifetime of the exciton, while the electron escape is much slower than the period of the measurement cycle. For our sample structure this requirement is readily fulfilled in the electric field regime 120 < F charge < 25 kV/cm. Secondly, the energy of the charging laser During the storage phase we apply a low electric field of 25 kV/cm where tunneling escape of electrons does not occur within our storage time. To investigate the time evolution of the escape from the QD, a strong electric field F tunnel ≥133 kV/cm is introduced for a time ∆t, where ∆t can be increased up to 4 µs. In fig. 3 the fraction of the total luminescense intensity arising from X − is plotted as a function of ∆t for the electric fields F tunnel =133, 140, 147, and 154 kV/cm. The curves show a clear monoexponential decay from the initial value of 50% towards 5%, as the time ∆t for which F tunnel is applied is increased. Since the X − intensity directly reflects the probability that the QD is charged with an electron, the decay presented in fig 3 reflects In summary, we have investigated the charging, charge readout and charge escape on a single selfa ssembled QD. We were able to selectively charge a QD by its p-shell absorption, and reliably read the charge state. Furthermore, we have shown time-resolved optical measurements of the charge state of a single self assembeld QD extending for several microseconds. In the future more elaborate pulse sequences could be employed to get more insight in charge and spin dynamics of electrons and holes in self assembled QDs. Tunneling escape of the electron leads to an exponential decrease. The inset shows the extracted electron lifetimes.
